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ABSTRACT 
Objective: The objective of this research is to prepare Low Molecular Weight Chitosan (LMWC) by the acid hydrolysis method, using dilute 
hydrochloric acid (2M). LMWC has superior properties compared to the High Molecular Weight Chitosan (HMWC), especially in terms of water 
solubility, antibacterial and antifungal properties. These could open new potential applications for LMWC in sectors such as the cosmetics, food, and 
pharmaceutical industries.  
Methods: In this work, the acid hydrolysis method was used to produce LMWC with different molecular weights starting from 500 kDa and 93% 
degree of deacetylations (DDA). The molecular weights of the produced grades were determined by applying Mark-Houwink equation while the 
%DDA was determined and verified by the use of the 1st derivative UV method and 1
Results: The FTIR spectra revealed that there is no significant difference in the main skeletal structure of the LMWC and HMWC. On the other hand, 
the XRD and DSC results showed that the LMWC of different molecular weights and degrees of deacetylation are of semi-crystalline structure, 
similar to the HMWC. 
HNMR method, respectively. The depolymerization reactions 
were carried out with different time intervals to produce totally deacetylated LMWC of 30 kDa, 15 kDa, and 7.5 kDa. The LMWC was characterized 
by FTIR, XRD, and DSC to evaluate the functionality, microstructure and thermal properties. 
Conclusion: The obtained results showed that the used acid hydrolysis procedure can produce LMWC grades of desired specifications, yields, and 
quality which are suitable for use in different applications. 
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INTRODUCTION 
Chitosan is a biodegradable polymer obtained from the alkaline 
deacetylation of chitin. Both chitin and chitosan are linear copolymer 
which consists glucosamine and N-acetyl glucosamine repeating units, 
linked by β (1,4) glycosidic bonds as shown in fig. 1. In the structure of 
chitosan glucosamine constitutes more than 50% of the repeating 
units. The degree of deacetylation of chitosan is in the range of 50-
100% [1] and chitosan exhibits several unique properties, such as 
biocompatibility, biodegradability, biological activity and low-toxicity 
[2, 3]. The characteristics of chitosan in solutions depend on its degree 
of deacetylation (DDA), distribution of acetyl groups, chain length, 
molecular weight distribution, and solubility [4]. Notably, the salient 
features of chitosan may be exploited in wide applications, especially 
in fields such as biomedical [5, 6], drug delivery systems [7], food [8], 
textile [9], and wastewater treatment [9]. Particularly, chitosan has 
been investigated for various potential applications in the 
pharmaceutical industry [10-12], especially in designing and 
developing different drug delivery systems. For example, high 
molecular weight chitosan (HMWC) polymers are used either alone, or 
with other hydrophilic polymers, as matrices for both immediate and 
controlled release drug formulations [13]. On the other hand, the free 
amino groups attached to glucosamine monomers complexes with 
different anionic drugs, and could be utilized in the design of different 
drug delivery systems [14]. 
The main challenge to the applications of chitosan is its limited 
solubility in water and other aqueous solutions. Notably, the low 
solubility of chitosan limits its interactions with different ionic drugs 
[15], as well as its use in the liquid protein delivery dosage forms 
[16]. Therefore, in order to overcome the limitation of the low 
solubility of chitosan, a lot of approaches have been explored to 
increase the solubility of chitosan [10, 14, 17, 18].  
On the other hand, the wide application of chitosan can be sustained 
by using low molecular weight chitosan (LMWC). The LMWC is a 
generation of biopolymers produced through various chemical 
and/or physical treatment of high molecular weight chitosan 
(HMWC). The low molecular weight of these grades and their 
improved aqueous solubility have attracted wide research interest 
compared to the highly hydrophobic chitin and the sparingly soluble 
and pH-dependent high molecular weight chitosan. Therefore, these 
low molecular weight biopolymers have important applications in 
diverse fields such as bio-fertilizers in agriculture, waste treatment, 
as well as in critical and special applications in drug and gene 
delivery [19]. Biologically, LMWC has been reported to possess 
beneficial properties [20], which include decreasing blood 
cholesterol and blood pressure, protective effect against infections, 
arthritis control and antitumor properties [21-26]. For example, N-
acetylchito-oligosaccharides and oligochitosans could inhibit the 
growth of fungi and phytopathogens and elicit defense mechanisms 
in plants [27-29]. In addition, they exhibit good lipid capability [30], 
and desirable antibacterial and anti-inflammatory properties [31]. 
Traditionally, LWCS have been successfully prepared starting with the 
HMWC using various physical, chemical and enzymatic 
depolymerization methods. Physical methods utilize ultrasound or 
microwave energies for hydrolyzing chitosan [32, 33], whereas chemical 
methods typically employ strong liquid acids like hydrochloric acid, 
phosphoric acid, either independently or in combination [34, 35]. On the 
other hand, the enzymatic techniques majorly take advantage of specific 
enzymes like chitosanase and nonspecific enzymes like pepsin, papain 
etc., with varying success reported [36, 37]. 
In another vein, the acid hydrolysis method makes use of acids such 
as hydrochloric acid [15], nitrous acid [16], phosphoric acid, and 
hydrogen fluoride to depolymerize the HMWC [34]. For industrial 
applications, acid depolymerization using hydrochloric acid is 
preferred [38], as this method is usually simple, easy [10], and 
produces reasonably predictable mixtures of LMWC [18]. 
Nevertheless, the use of concentrated hydrochloric acid produces 
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low yields of LMWC and high yields of monomers [15]. The 
produced LMWC from the acid depolymerization could be a mixture 
of different molecular weights, usually with low polydispersity [32-
35]. In fact, they might have different degrees of deacetylation, 
which would invariably give rise to different species capable of 
forming complexes with varying degrees of dissociation [32, 34, 40]. 
Interestingly, the degree of deacetylation could be reduced by 
reacting chitosan solution with acetic anhydride and adding acetyl 
groups to the polymer chains [41]. Therefore, in this study, low 
concentration of hydrochloric acid (2M) was used to depolymerize 
HMWC (500 kDa, 93% DDA) into LMWC with sufficient yields, 
reproducible molecular weights and re-acetylation degrees. 
 
 
Fig. 1: Chemical structure of chitosan and chitin 
 
MATERIALS AND METHODS 
Materials  
The starting material used in this study is high molecular weight 
chitosan (500 kDa, 93 %DDA) which was obtained from Shanghai 
Company Ltd (China). All other chemicals used were of analytical 
grade and were used without further purification. Distilled water 
was use throughout the study for the preparation of solutions and 
for dilutions where necessary. 
Preparation of low molecular weight chitosan (LMWC) 
About 10 g of high molecular weight chitosan was dissolved in 830 
ml of 0.1M Hydrochloric acid at ambient temperature for about 30 
min, after which concentrated hydrochloric acid (12.00 M, 170 ml) 
was added to the solution to obtain 1% chitosan solution in 2M 
Hydrochloric acid. Stirring was continued using a magnetic stirrer 
(750 rpm) and the solution was kept under reflux during different 
time intervals. Once the reaction was complete, ethanol was added 
to the solution in order to facilitate cooling and precipitation of oligo 
chitosan. The precipitated chitosan was then washed thoroughly in 
an excess amount of ethanol and centrifuged to eliminate the strong 
residual acid which often results into browning [42]. The cleaned 
precipitate was then dried in a freeze dryer to obtain the desired 
solid-state low molecular weight chitosan (LMWC). 
Preparation of LMWC with different degrees of deacetylation 
Low molecular weight chitosan (LMWCs) with Different %DDAs 
were prepared from the reaction of the fully deacetylated LMWC 
obtained from the polymerization reaction with acetic anhydride 
[16]. Firstly, 1% LMWC solution was prepared and its pH was kept 
close to 6.5 by adding 6M NaOH in drops. Then the required amount 
of acetic anhydride was added to the chitosan solution at ambient 
temperature under stirring at 500 rpm for 10 min. At the end of the 
reaction, the chitosan solution was dialyzed through dialysis tubes 
with 1000 Da molecular weight cut-off against 2 L of distilled water 
under mild stirring at ambient temperature over a period of about 
24 h. Finally, the dialyzed solution was dried at a temperature of 40 
°C. Thereafter, samples were stored in amber glass bottles at room 
temperature until subsequent analysis. 
Molecular weight determination of LMWC 
The molecular weight of LMWC was determined through viscosity 
measurements and applying the Marck-Houwink equation,  
[ƞ] =  kMa………………. (1) 
Where ƞ and M represents the intrinsic viscosity and molecular weight 
respectively, whereas k and a are Marck-Houwink constants. The 
values of k and a are given as 5.8×10-4
Viscosity measurements were conducted using Brookfield rotary 
viscometer (Brookfield, UK). The standard capacity of the sample 
holder is 15 ml and the container was placed in a water jacket to 
keep all measurements at a temperature of 25 
 and 0.693, respectively [43].  
ᵒ




C. Each grade of the 
prepared LMWC contains 2.5 g LMWC, dissolved in 50 ml of 0.1M 
HCl. Series of dilutions were conducted to obtain solutions of 5, 4, 3, 
2, and 1 wt%. Measurement of solvent and sample viscosities was 
repeated three times and their average was recorded. The relative 
viscosity was determined as:  
Where ƞrel represents the relative viscosity of the polymer, ƞ denotes 
the viscosity of the polymer solution and ƞ° is the viscosity of the 
solvent. Then the reduced viscosity (ƞred) was calculated according 
to the following expressions:  
ƞ𝐫𝐞𝐝 =  
ƞ𝐬𝐩
𝐂
 ------------------- (3) 
ƞ𝐬𝐩 =  ƞ𝐫𝐞𝐥 − 1-------------- (4) 
Where C is the concentration of the polymer solution (w/v %). 
The relation between intrinsic viscosity [ƞ] and the Molecular 
weight are represented by the Mark–Houwink equation (1).  
The Y-intercept of the plot of reduced viscosity vs. polymer 
concentration (w/v %) was used to calculate the intrinsic viscosity. 
Then from the Mark-Houwink equation, the following can be 
attained:  
log M =  log[ƞ]−logk
a
−----- (5) 
Therefore, the molecular weight could be expressed as:  
M = 10 log[ƞ]−logk
a
------ (6) 
Degree of deacetylations of LMWC 
The degree of deacetylation (%DDA) of the prepared LMWC was 
obtained through first derivative UV-spectrophotometric procedure 
(Beckman Coulter spectrophotometer, DU 640i, Brea, CA, USA) 
adapted from the British Pharmacopeia [44], which is considered to 
be among the most commonly used methods for determining the 
%DDA of chitosan.  
Briefly, chitosan sample was dissolved in water to obtain a 50 µg/ml 
solution. Then, absorbance was taken at the maximum wavelength 
(λ) of 202 nm as the first derivative of the absorbance curve. The pH 
of the solution was also measured. A plot of the first derivative of the 
absorbance measured at λmax 202 nm as a function of the N-
acetylglucosamine concentration was used to generate a standard 
calibration curve. The slope of the curve was obtained by applying 
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the least squares linear regression. The concentration of N-
acetylglucosamine equivalent to the sample to be examined was 
then deduced from the standard curve. Then the degree of 
deacetylation was obtained by applying the following equation:  
%𝐷𝐷𝐴 =  �100 𝑥 𝑀1(𝐶1−𝐶2)�
�(𝑀1 𝑥 𝐶1)− (𝑀1−𝑀3) 𝑥 𝐶2�
---------- (7) 
where; C1 and C2 are the concentration (µg/ml) of chitosan, and the 
concentration of N-acetylglucosamine (µg/ml) in the test solution 
respectively, M1 is the relative molecular mass of N-
acetylglucosamine unit (203.2 g/mol), and M3 is the relative 
molecular mass of chitosan sample as calculated from the pH of the 
solution, using a pKa of glucosamine equal to 6.8 and by applying 
Equations 8, 9, and 10. 
𝑀3 =  (𝑓𝑥 𝑀2) + (1 − 𝑓) 𝑥 (𝑀2 + 36.3) --- (8) 
𝑓 =  𝑝
1+𝑝
 ---------------------------------- (9) 
𝑝 =  10𝑝𝐻−𝑝𝐾a ------------------------------------- (10) 
Where; M2 is the relative molecular weight of glucosamine (197.62 
g/mol), f is the fraction of ionized species in the aqueous phase, and 
p is the partition-coefficient that refers to the concentration ratio of 
un-ionized species. 
1HNuclear magnetic resonance method 
The 1H-NMR spectra was acquired for all prepared grades of 
chitosan and chitosan nanofibers, using few milligrams of chitosan. 
The test samples were dissolved as 30 mg in 1 ml D2O and then 
placed in 5 mm NMR tubes and analyzed at 70 ᵒC. The 1H-NMR 
spectra of chitosan were used to calculate the %DDA of the different 
prepared grades as shown in Equation (11) [44]. 
%DDA = �1 − � 0.33HAc
0.167H2−6
�� × 100%------------- (11) 
Where, HAc is the height of the acetyl group peak while H2-6 is the 
sum of the heights of the peaks of C2 to C6. 
Fourier transform infrared (FTIR) spectroscopy 
The FTIR spectroscopy analysis of specimens was performed on a 
Thermo Scientific Nicolet IS50 spectrometer. The samples were 
analyzed using ATR crystals where each sample was evaluated 
under mechanical force by pressing the surface of the sample against 
a diamond window in the range of 4000 to 400 cm-1. The attenuated 
total reflectance technique was used to carry out the measurement. 
Before each measurement, the solid demountable cell was 
dismantled and cleaned with acetone to eliminate possible 
impurities and contamination. After the samples spectra have been 
taken, they were further analyzed using Nicolet OMNIC software. 
Surface morphology 
X-ray diffraction (XRD) analyses 
The morphological differences of the different samples of LMWCs 
were observed using Scanning Electron Microscopy (FEI Quanta 
200, Hillsboro, OR, USA). The photomicrographs were taken at the 
same magnifications to facilitate comparison between the different 
samples. 
X-ray diffraction analysis (XRD) is a convenient tool for material analysis. 
It provides useful information about materials based on their powder 
diffraction pattern. Herein, XRD was used to investigate the 
constitutional properties and also to obtain the crystalline nature of 
chitosan. For this purpose, an X-ray diffractometer (PANalytical X’pert 
powder Xray Diffractometer, Cu anode) was used and scanning was 
conducted over a range of 5°-80° at 1° deg min-1 with sampling step of 
0.02°. The data was then analyzed using HighScore Plus software. 
Differential scanning calorimetry (DSC) 
The DSC analysis is commonly used for the measurement of thermal 
transition as well as heat effects on polymers. Generally, this method is 
used for detecting phase changes such as crystallization, melting, glass 
transition, and decomposition. In this study, a Perkin Elmer, DSC8000 
instrument was used for the DSC analysis. About 2 mg of each powdered 
sample was placed in closed platinum pans and continuously heated 
from 30 ᵒC to 300 ᵒC at 1 ᵒC/min to obtain the DSC parameters. 
RESULTS AND DISCUSSION 
Effect of the acid hydrolysis on the yield of the produced LMWC  
Different methods can be used to depolymerize HMWC. However, 
the acid hydrolysis approach which makes use of hydrochloric acid 
(HCl) is usually preferable, especially at the industrial scale. Herein, 
different molecular weights of fully deacetylated LMWC were 
prepared from HMWC (500 kDa, 90% DDA) using 2M HCl. The 
depolymerisation reaction was carried out over three different time 
intervals in order to prepare three different molecular weights of 
chitosan. The use of 2M HCl for the depolymerisation of chitosan 
could be considered a desirable choice because it presents high 
yields of LMWC. Table 1 shows the yield of the depolymerized 
chitosan which was obtained starting with 10 gm of HMWC using 2M 
HCl and for different reaction times. As can be seen, the yield of the 
LMWC decreases as the reaction time increases perhaps due to the 
formation of soluble products in ethanol such as the monomers and 
dimmers of glucosamine [15]. Notwithstanding, the yield of this 
reaction can be considered to be generally high. Notably, acid 
depolymerization method is considered non-random, practical, and 
a relatively simple method [45].  
However, most of the previously reported studies involve the use of 
high concentrations of acid which then needs to be removed [22]. It is 
worthy of note that use of concentrated acid could result in low yields of 
LMWC, where the yields of pentamer and hexamer could be less than 8% 
[46], but with a high monomer yield [22]. Hence, the low concentration 
of hydrochloric acid used in this study reduces the process 
aggressiveness and corrosiveness, thereby facilitating extended lifespan 
for the equipment used in the process of depolymerisation. In addition, 
the use of dilute hydrochloric acid would eliminate the need for several 
washing processes to remove excess acid from the produced oligomers. 
In another vein, the acid concentration could influence the polydispersity 
of the produced chitosan. Specifically, it has been reported that dilute 
solution often enhances polydispersity compared to concentrated 
solutions. This is an indication that dilute solutions will facilitate faster 
degradation of larger molecular weight chitosan resulting in lower 
molecular weight distribution [47]. 
 
Table 1: Yield of the depolymerisation of HMWC (n = 3) 
Reaction time [h] 0.5 1 2 
Yield [%] 92.1±0.2 92.3±0.4 90.1±0.1 
Data given as mean±STDEV  
 
During the acid depolymerisation using hydrochloric acid, the HCl 
performs a dual function of breaking glycosidic bonds in chitosan, as 
well as hydrolysing the N-acetylamides. This would produce lower 
molecular weight chitosan chains with higher degree of 
deacetylation, DDA. The mechanisms of the hydrolysis and 
deacetylation of chitosan by hydrochloric acid are illustrated in fig. 
2. As shown in fig. 2(a), hydrolysis of chitosan follows an SN1 
mechanism where a carbocation is favourably formed because it is 
stabilized by resonance with the neighbouring oxygen. This 
mechanism is typical of acid catalyzed hydrolysis in which the 
glycosidic oxygen is firstly protonated by the acid catalyst to form an 
oxonium ion which is a good leaving group. Leaving of the 
protonated oxygen generates a carbocation that is stabilized by 
electron donation through resonance from the neighbouring oxygen. 
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A water molecule then attacks the carbocation to form a protonated 
hemiacetal which is then deprotonated by a molecule of water, 
producing a hemiacetal at the reducing end. In the case of 
deacetylation as in fig. 2(b), the mechanism is an acid catalyzed acyl 
nucleophilic substitution leading to amide hydrolysis. The carbonyl 
oxygen is activated in the acidic media by protonation. Subsequent 
attack of the carbonyl carbon by a water molecule, as a nucleophile 
leads to the formation of a tetrahedral intermediate that rearranges, 
leading to the formation of an acetic acid molecule and an 
ammonium group in the backbone of chitosan [48]. 
 
 
Fig. 2: (a) Hydrolysis mechanism of chitosan polymer during depolymerization, (b) Deacetylation mechanism of chitosan polymer during 
depolymerisation 
 
Evaluation of the molecular weight of the prepared LMWC using 
viscosity method 
Results indicate that at a constant concentration of HCl, the molecular 
weight of the resultant chitosan polymers decreases as the reaction 
time increases. Table 2 shows the viscosity values at the 
concentrations of 1%, 2%, 3%, 4% and 5% of the LMWC prepared at 
0.5 h, 1 h, and 2 h depolymerization reaction times. Generally, for all 
LMWC the viscosity is proportional to the concentration. For reaction 
times of 0.5 h, 1 h, and 2 h, the maximum concentration prepared was 
5 wt % due to solubility limitations. Also the table shows that there is a 
direct relationship between the molecular weight of the polymer and 
its viscosity. The largest viscosity value obtained was for the solutions 
of LMWC prepared by the reaction performed for 0.5 h, whereas 
LMWC prepared over a 2 h reaction period reveals the lowest value 
which corresponds to lower molecular weight. 
 
Table 2: Viscosity of LMWC preparations with different concentrations (mPa. s) (n = 3) 
Concentration (mg/ml) 0.5 h 1h 2h 
1 1.413±[0.006] 1.410±[0.006] 1.227±[0.006] 
2 2.220±[0.010] 1.775±[0.006] 1.520±[0.006] 
3 3.140±[0.010] 2.775±[0.006] 2.207±[0.006] 
4 4.367±[0.006] 3.420±[0.010] 3.060±[0.010] 
5 6.403±[0.031] 4.485±[0.006] 4.083±[0.006] 




shows the molecular weights of the LMWC as function of the 
depolymerization reaction time. A decreasing trend in molecular 
weight of depolymerized chitosan as function of time is obvious in 
the figure, and the molecular weight-time data could be fitted to a 
power law function (y = 15.377x-0.954) with (R2 = 0.996). According 
to the results shown in the fig. it is evident that at a constant 
concentration of HCl, the molecular weight of the resultant 
chitosan polymers decreases as the reaction time increases. This 
observation aligns with what was previously reported in literature 
[49, 5]. 
 
Fig. 3: Molecular weight (kDa) as function of hydrolysis reaction time (n = 3) 
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Determination of the degree of deacetylation 
The LMWC with different degrees of deacetylation was obtained by 
reacting fully deacetylated LMWC with acetic anhydride at different 
molar ratios as summarized in table 3. The UV-visible 
spectrophotometry was used to determine the %DDA of each LMWC, 
after which they were verified using the H-NMR method. On the 
other hand, first derivative UV method was used to estimate the 
%DDA of the LMWC using the calibration curve constructed by 
defined N-acetyl glucosamine concentrations in which the first 
derivative of the absorbance function was measured for each sample 
at 202 nm. The pH and absorbance values taken for the samples 
were used to calculate the degree of deacetylations, using Eq (7) and 
the empirical equations presented in Eq (8), Eq (9), and Eq (10). 
It is well known that the H-NMR spectroscopy is more 
advantageous than other methods for obtaining the degree of 
deacetylation of chitosan especially for its easy process [9]. In 
addition, it is more accurate and precise with the possibility to use 
different combination of peaks [50]. Also, with this method, the 
amount of chitosan used and its purity are negligible as long as the 
peaks of impurities do not overlap with the important peaks of 
chitosan [9]. 
Results of the H-NMR analysis of LMWC are illustrated in fig. 4. It is 
evident that there is an increase in the integral of the peak of the 
three protons of the acetyl group (H-AC) at 2.0 ppm at decreasing % 
DDA values. The %DDA was obtained in accordance with the method 
proposed by Hirai et al. [11]. 
  
 
Fig. 4: 1H-NMR spectra for 30KDa LMWC of different %DDA 
 
From the result presented in table 3 it can be seen that the acid 
hydrolysis reaction yields fully deacetylated chitosan and this is 
supported by the H-NMR spectra as evident in the peak of acetyl 
group (at 2.0 ppm) which seem to have disappeared. The results 
in the table also show that the %DDA values obtained by both 
methods are comparable. Likewise, it is clear from the results 
that as the amount of added acetic anhydride increases, more 
acetyl groups tends to be available on the chitosan molecules 
such that the calculated %DDA of chitosan increases according 
to the chemical reaction shown in Fig.5. Interestingly, these 
observations conforms to what was previously reported in 
similar studies [43, 51].  
 
 
Fig. 5: Chemical reaction between chitosan and acetic anhydride to prepare acetylated chitosan 
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Table 3: Molecular weight (Mw) and degree of deacetylation (DDA) determination for LMWC 
 Molecular weight 
Depolymerization time (h) 0.5 1 2 
LMWC (kDa) 30 15 7.5 
   Degree of deacetylation   
Molar ratio of (Cs: AC2O)  (1:0)  (1:0.15)  (1:1) 
LMWC (kDa) 7.5 15 30 7.5 15 30 7.5 15 30 
By FDUV method 98.7 98.4 98.6 80.3 79.9 80.1 59.4 59.9 60.2 
By HNMR method 100 100 100 80.2 79.8 79.9 60.1 60.6 59.5 
%DDA  100%  80%  60% 
 
Fourier transform infrared (FTIR) spectroscopy 
In the obtained FTIR spectra, the peak position and intensity can 
appear to be different based on the differences in %DDA. This could be 
as a result of different factors such as the polymer source, or its 
morphology [12]. As illustrated in fig. 6, it can be seen that there is no 
too much difference in the main skeletal structure of the harvested 
chitosan and the high molecular weight chitosan, regardless of the 
depolymerisation time, with respect to the hydrolysis reaction. 
Therefore, it can be inferred that the acid hydrolysis depolymerisation 
using 2M HCl did not result in significant modification to the structural 
framework of chitosan. Tables 4, 5, and 6 summarize the major peaks 
in the FTIR spectra of the different grades of LMWC of 30 kDa, 15 kDa, 
and 7.5 kDa respectively. Notably, some peaks disappeared due to the 
hydrolysis reaction, whereas the intensities of others changed due to 
the acetylation reaction, with slight shifting in the wave number of 
certain peaks.  
Fig.7 shows a comparison between the spectra of different degrees 
of deacetylation of the different molecular weights prepared. It is 
obvious that the samples with same %DDA had the same trend and 
most of the characteristic peaks are present irrespective of the 
molecular weight of chitosan. Notably, the wide peak which 
appeared around 3424 cm-1 is attributed to the stretching of N-H 
groups. Hence, the peaks reveal similar intensities for all the 
samples, because this band represents the N-H stretching which is 
available in all chitosan grades (either acetylated or deacetylated). 
The peak around 1320 cm-1 which is associated with the GlcNAC 
group can be seen in the spectra of chitosan with 80%DDA and 
60%DDA whereas this peak is absent in the spectra of totally 
deacetylated chitosan (100%DDA). The peak representing the 
bending of the NH2 group appears at the wavelength in the range of 
1624-1629 cm-1. It is worthy of note that the intensity of this peak 
decreases as the %DDA of chitosan decreases because less amount 
of NH2 is available. Also all peaks assigned to the saccharide 
structures are available in all grades, where the peak around 2890 
cm-1 represents the C-H stretch, and 1150 cm-1 represents the C-N 
stretch. On the other hand, the peak at 1320 cm-1 is attributed to the 
stretching of the C-O group [52]. 
 
 
Fig. 6: FT-IR spectra over  the frequency range (4000–400) cm-1 
for  different fully deacetylated LMWCs compared with the HMWC
 
Table 4: The characteristic FTIR transmittance peaks of the different grades of LMWC 30 kDa 
Sample Wave number (cm-1) Vibrational mode (s) 
































The variation in the polymer morphology of the different degrees of 
deacetylation for each molecular weight of chitosan is obvious to the 
naked eye, and these variations were observed on a Scanning Electron 
Microscope (SEM). The SEM permits the observation of the materials 
in both the macro and submicron range and it is also capable of 
generating three-dimensional images for the analysis of topographic 
features. In addition, it can provide viable information about the shape 
of the compound due to the interactions of electron on the sample, 
which creates a surface map of the sample. The SEM images presented 
in fig. 8 shows that the fully deacetylated chitosan had rough and 
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irregular surface. As the degree of deacetylation decreases, the 
hydrogen bonds between the polymer chains were decreased. Hence, 
the N-substituted polymer chains were in good morphological 
sphericity and aggregated to each other as rosaries and this was the 
case for the samples of 80% DDA for the different degrees of 
deacetylations. Finally, at the lower degree of deacetylation (60% 
DDA) the surface shape of the deacetylated chitosan appeared to be 
regular, smooth, stretched and looked like a flat surface [16]. 
 
 
Fig. 7: FT-IR spectra over  the frequency range 4000–400 cm-1 of different degrees of deacetylation LMWC (a) 30 kDa, (b) 15 kDa, (c) 7.5 kDa 
 
Table 5: The characteristic FTIR transmittance peaks of the different grades of LMWC 15kDa 
Sample Wave number (cm-1) Vibrational mode (s) 































Table 6: The characteristic FTIR transmittance peaks of the different grades of LMWC 7.5kDa 
Sample Wave number (cm-1) Vibrational mode (s) 
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Fig. 8: Scanning
 
 electron micrographs (SEM) of chitosan with different molecular weights and degrees of deacetylations with a 
magnification of 2000X. (A) 30 kDa 100% DDA, (B) 30 kDa 80% DDA, (C) 30 kDa 60% DDA, (D) 15 kDa 100% DDA, (E) 15 kDa 80% DDA, 
(F) 15 kDa 60% DDA, (G) 7.5 kDa 100% DDA, (H) 7.5 kDa 80% DDA, (I) 7.5 kDa 60% DDA 
X-Ray diffraction analysis 
The X-Ray diffraction (XRD) describes the effect of strains which are 
generated in any crystalline material, which could manifest through 
shift in diffraction line, or obvious change in lattice planes. Usually, 
macro stress brings about shift in diffraction line, whereas stress at 
the micro level would reflect through broadening of diffraction lines. 
The XRD patterns of the high molecular weight chitosan and the fully 
deacetylated LMWC 30 kDa, 15 kDa, and 7.5 kDa are presented in fig. 
9. As can be seen, all the samples showed strong sharp peak at the 
(020) reflection around 10-11° and broad peaks at (110) reflection 
around 20-24°, which indicates that all molecular weights of LMWC 
are partially crystalline as well as the high molecular weight 
chitosan (HMWC). The intensity of the sharp crystalline peak which 
appeared at 11° is almost the same for the 30 kDa, 15 kDa, and 7.5 
kDa chitosan, while the intensity of the broad peak at 24° increases 
as the molecular weight of LMWC decreases. The broader peaks 
present in the XRD profiles of LMWC suggests that it is of less 
crystallinity compared with the HMWC [53]. 
Fig. 10 presents the comparative diffractograms of the different 
degrees of deacetylation of LMWC 30 kDa, 15 kDa, and 7.5 kDa. As 
can be seen from the fig., the fig. exhibit similar trend, where the 
peaks of the lower %DDA are broader and of less intensity 
indicating lower level of crystallinity as the %DDA decreases [53]. It 
is obvious in fig. 10 that the maximum peak intensity at (020) 
reflection decreased with the decrease of %DDA, and moved to a 
higher angle. Likewise, the second maximum peak (110) reflection 
also decreased with the decrease of %DDA. Notwithstanding, the 
peak appeared at about the same position. In the case of the chitosan 
with lower degree of deacetylation (60%), for all studied molecular 
weights, the peak at (020) reflection disappeared indicating 
amorphousness of the sample, which could be due to the higher 
amount of acetic acid reacted with the fully deacetylated chitosan to 
produce the grades of 60% DDA. The higher acetic acid might have 
produced chitosan with less anhydrous crystals, such that the 
produced chitosan will be of less crystallinity as reported elsewhere 
[53, 54]. The sharp peaks around 18ᵒ could be due to the presence of 
impurities in the tested samples as this peak do not represent any of 
the notable peaks of chitosan [15]. 
The relative crystallinity of the studied samples was calculated and 
the results are presented in table 8. It is evident from the results that 
LMWC of 100% and 80% DDA are semi crystalline, showing two 
diffraction peaks at 2θ around 11° and 24°, which is associated with 
semi crystalline chitosan. The semi crystallinity of chitosan was also 
reported by Islam et al. in 2011 while studying its XRD pattern. They 
reported that the broad diffraction peaks at 2θ around 10ᵒ and 21ᵒ 
represents the semi crystalline chitosan [55]. Similarly, Yen, Yang 
and Mau in 2009 stated that the two characteristic crystalline peaks 
of chitosan are at 9-10ᵒ and 19-20ᵒ, and that they possess 
comparable crystallinity [56]. 
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Table 7: XRD parameters of the different grades of LMWC’s 
Sample 2θ (ᵒ) Relative crystallinity (%) 
30 kDa,100% DDA 11.33, 25.17 50.25 
30 kDa, 80% DDA 11.49, 23.93 65.91 
15 kDa,100% DDA 11.45, 22.77 44.6 
15 kDa, 80% DDA 11.56, 24.87 67.79 
7.5 kDa,100% DDA 11.38, 24.03 42.66 
7.5 kDa, 80% DDA 11.56, 23.74 64.47 
 
 




Fig. 10: XRD spectra of different degrees of deacetylation of LMWC (a) 30 KDa, (b) 15 KDa, and (c) 7.5 KDa 
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Differential scanning calorimetry (DSC) 
The DSC thermograms of the different grades of LMWC are 
illustrated in fig. 11. Generally, in all the DSC curves, three distinct 
successive transitions can be seen. The first endothermic peak 
represents the glass transition temperature (Tg), the second peak is 
an exothermic transition representing the crystallization 
temperature (Tc), and the third endothermic peak represents the 
melt transition (Tm). 
As presented in fig. 11, the Tg g of all the tested LMWC samples is in the 
range of 148-177 °C. As discussed earlier, chitosan is considered as 
partially crystalline. Notwithstanding, the change of the heat capacity 
might be small at the Tg due to the rigid 2-amino-2-deoxy-D-
glucopyranose (Glucosamine residues) present in chitosan molecules. 
This is believed to account for the small base line step in the DSC curve 
as previously reported [53]. The values of Tg for all LMWC samples as 
summarized in table 8 indicates that as the %DDA increases, the Tg 
decreases. This could be explained by comparing the molecular 
structures of chitosan with 60% DDA, 80% DDA, and of 100% DDA. 
Actually as the %DDA decreases more acetyl groups will be available 
in the chains of chitosan making the chains more rigid. So chitosan 
with higher %DDA will have fewer acetyl groups compared with the 
lower %DDA. This will make it more flexible in the amorphous regions 
leading to lower Tg, as previously reported [57].  
The Tc of the samples as presented in table 8 shows that as 
molecular weight increases, Tc of the fully deacetylated LMWC shifts 
to higher temperature region. This is an indication of slower 
crystallization which can be attributed to the increase in the 
molecular weight of chitosan [57] (Sakurai et al., 2000). This 
observation aligns with the XRD results as discussed above. On the 
other hand, for the same molecular weight, by comparing Tc for the 
different %DDA, it can be seen that there is a slight change in Tc, but 
with similar trend as the fully acetylated chitosan. This is an 
indication of slower crystallization which may be accrued to the 
presence of acetyl groups [15].  
The Tm was difficult to be estimated as shown in the fig. 11. This 
could be due to the fact that chitosan is not an individual compound 
but it is a polymer of variable length and molecular weight, so it is 
considered a mixture of compounds, and thus different samples 
have different compositions, so chitosan cannot have a unique 
melting point [15]. The intra-and inter-molecular hydrogen bonds 
which generate a stable and rigid semi-crystalline structure makes 
chitosan also degradable before melting because of the high melt 






11: DSC spectra of different degrees of deacetylation of (a) LMWC 30 kDa, (b) LMWC 15 kDa, (c) LMWC 7.5 kDa 
Table 8: Summary of Tg, and Tc, of the different grades LMWC 
Sample ID Tg (ᵒC) Tc (ᵒC)  
30kDa, 100%DDA 155.77 180.3 
30kDa, 80%DDA 163.15 178.8 
30kDa, 60%DDA 173.20 178.4 
15kDa, 100%DDA 156.54 172.4 
15kDa, 80%DDA 167.45 187.60 
15kDa, 60%DDA 173.20 178.11 
7.5kDa, 100%DDA 148.80 170.20 
7.5kDa, 80%DDA 157.99 183.60 
7.5kDa, 60%DDA 173.22 177.90 
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CONCLUSION 
In this study, acid hydrolysis method using dilute hydrochloric acid 
(2M) was used to prepare different grades of LMWC. The hydrolysis 
reaction produced totally deacetylated LMWC. Specifically, 30 kDa, 
15 kDa, and 7.5 kDa were produced from the hydrolysis reaction 
carried out for 0.5 h, 1 h, and 2 h respectively. Reaction of the 
produced LMWC with Acetic anhydride in the molar ratios 1:0.15 
and 1:1 resulted in %DDA of 80% and 60% respectively. The FTIR, 
XRD, and DSC of all produced grades of the LMWC were investigated 
as part of the structure and thermal characterization. The FTIR 
results revealed that there is no too much difference in the main 
skeletal structure of the LMWC and HMWC. On the other hand, the 
XRD and DSC results showed that the LMWC of different molecular 
weights and degrees of deacetylations are of semi crystaline 
structure, similar to the HMWC. 
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